Mg 96 Zn 2 Y 2 alloy with a long period stacking ordered (LPSO) phase was produced by extrusion, and the effects of annealing on its microstructure and mechanical properties were investigated. Annealing at temperatures up to 623 K improved the elongation of the alloy from 5.4 to 9.6% but caused no changes in yield stress and tensile strength, respectively, because the LPSO phase prevented grain growth, the -Mg phase maintained a fine grain size, kink deformation remained in the LPSO phase, and the Mg 3 Zn 3 Y 2 phases finely dispersed. When the alloy was annealed at 773 K, the -Mg and Mg 3 Zn 3 Y 2 phases became coarse, which reduced the yield stress and tensile strength, respectively, while the elongation improved to 23%.
Introduction
Lightweight Mg alloys with excellent shock absorption properties are being actively adopted for electronic information devices and automotive parts. 1, 2) However, the mechanical properties of Mg alloys are inferior to those of Al alloys, and this limits their range of applications. For use in such structural applications, Mg alloys need to have sufficient ductility as well as strength. It is well known that Mg alloys have relatively low plasticity 3, 4) and commercial wrought Mg alloys generally have an elongation to failure of no more than 20% and exhibit high strength 4) owing to their hexagonal close packed structure. 3, 4) It has been shown that alloying, grain refinement and texture modification can improve the strength and ductility of Mg alloys. [4] [5] [6] [7] Recently, Mg-Zn-Y alloy has been found with mechanical properties that are superior than those of other Mg alloys. 8, 9) The alloy has a long-period stacking order (LPSO) phase as a secondary phase in the main -Mg phase. 7, 8) In general, Mg alloys with LPSO phases are known to have greatly enhanced yield stress and tensile strength, while their ductility can be maintained only by extruding the cast metal. 7, 8) It has been suggested that kink deformation 8, 10) occurring in the LPSO phase, and microstructure refinement of the -Mg phase occurs during plastic deformation. 8) Previously, many studies have analyzed the atomic structure of the LPSO phase [11] [12] [13] and the mechanism of the dynamic recrystallization of the -Mg phase that occurs during extrusion. 8, 13) The extrusion of Mg 96 Zn 2 Y 2 alloy to improve its strength has been investigated and reported by Kawamura et al. 8) However, an improvement of ductility, which is indispensable for the industrial use of Mg alloys, has not been investigated for either Mg-Zn-Y alloys [14] [15] [16] or Mg-Zn-Gd alloys. 17, 18) Thus, the strength reduction and ductility improvement caused by annealing must be understood in connection with the changes in the microstructure of the -Mg and LPSO phases.
In the present study, the effects of annealing on the microstructure, tensile ductility and strength of Mg 96 Zn 2 Y 2 alloy produced by extrusion at 623 K are investigated. The annealing was accomplished by holding the extruded sample for 3.6 ks at a temperature between 473 and 773 K.
Experimental Procedure
The alloys compositions used in this study were Mg 96 Zn 2 Y 2 (at%). Ingots were prepared by high-frequency induction melting in an Ar atmosphere. A cast alloy, 29 mm in diameter and 60 mm thick, was prepared. The Mg 96 Zn 2 Y 2 ingot was extruded at 623 K at an extrusion ratio of 10 and an extrusion speed of 2.5 mmÁs À1 . Tensile specimens with gauge sections 2.5 mm in diameter and 15 mm in length were machined from the extruded and annealed material parallel to the extrusion direction. A tensile test was carried out at an initial strain rate of 5:0 Â 10 À4 s À1 . Hardness tests were carried out for 20 s at a load of 1.96 kN on a plane normal to the extruding direction, using a Vickers hardness testing machine. The microstructures of cast and extruded materials are shown in Fig. 1 . Figure 1(b) was obtained from the crosssectional plane perpendicular to the extruding direction. The bright areas in both figures are considered to be the LPSO phase. The distribution of LPSO phase in the extruded alloy appears to be finer than that in the as-cast alloy. Annealing was carried out in the temperature range 473 to 773 K in an electric furnace for 3.6 ks, and the specimens were subsequently cooled in water. The microstructures of the extruded and annealed specimens were observed by optical microscope (OM), scanning electron microscope (SEM) and electron back scattered diffraction (EBSD). Sample preparation was performed using a section polisher. EBSD was carried in a 250 Â 250 mm region with a measurement step of 0.2 mm. In this study, cross-sections of the microstructure were observed from the extrusion axis direction. Fig. 2 . The yield stress and tensile strength of the as-extruded specimen were 391 and 432 MPa, respectively, and the elongation was 5.4%. When annealed at 623 K, above which temperature the specimen strength decreased, the yield stress and tensile strength were 380 and 410 MPa, respectively. It has been reported that annealing conventional Mg alloys at 523 K for 3.6 ks disrupts the crystalline orientation and causes reductions in strength. 19, 20) On the other hand, the alloy investigated here exhibited small reductions in yield stress and tensile strength of 10 and 20 MPa, respectively, up to an annealing temperature of 623 K, while the elongation was greatly improved from 5.4 to 9.6%. The ductility of the alloy could be improved while maintaining a high strength despite the fact that it was Mg alloy, which has low ductility at room temperature.
Results and Discussion
The hardness of the specimens, the mean grain size of the -Mg phase, and the size of the Mg 3 Zn 3 Y 2 phase are shown in Fig. 3 for each annealing temperature. As in the tensile test results, annealing at 623 K caused almost no reduction in hardness, namely the value fell from HV 101 before annealing to HV 100 after annealing. shows SEM microstructures of extruded and annealed specimens. The mean grain size was 1.4 mm in the asextruded specimen, which still contained non-recrystallized regions. On the other hand, in the extruded specimen that was annealed at 623 K, the mean grain size was 2.5 mm owing to the recovery of recrystallized and non-recrystallized regions, or static recrystallization, and the average size of the Mg 3 Zn 3 Y 2 phase was 0.4 mm. From Figs. 2 and 3, the static recrystallization temperature of the -Mg phase of this alloy was estimated to be 623 K or higher.
When annealed at 773 K, the yield stress and tensile strength fell to 210 and 320 MPa, respectively. The hardness was HV 75, while the elongation was improved to 23%. The mean grain size of the -Mg phase was 9 mm, and the size of the Mg 3 Zn 3 Y 2 phase was 1.7 mm. Su et al. reported that ECAP-processed AZ31B Mg alloy that was annealed at 773 K for 3.6 ks showed a yield stress of 50 MPa, a mean grain size as large as 20 mm, and an improved elongation of 15%. 20) The alloy investigated in this study showed even better mechanical properties. This was probably because, even at 773 K, the LPSO phases were dispersed within the -Mg phase, the mean grain size of the -Mg phase was only about 10 mm, and the size of Mg 3 Zn 3 Y 2 phase remained small.
In order to elucidate the mechanical properties of the LPSO and -Mg phases during annealing, deformation resistance was investigated in a loading-unloading test using an indent tester under the following conditions. Loading was performed with a constant force of 0.5 mN, which was applied for 2 s and then released. Figure 4 is a deformation resistance curve. The deformations during annealing up to 673 K were 0.27 mm and 0.18 mm for the -Mg and LPSO phase, respectively. These differences were not very large in comparison to the deformations that occur in extruded materials. When the annealing temperature increased to 773 K, the deformation of LPSO, the harder phase, increased to 0.21 mm. As also revealed by the structural changes described below, one of the reasons the deformation increased during loading-unloading cycling was the monotonic increase in the grain size of the -Mg phase. This was greatly influenced by the grain growth and softening caused by annealing. It was also found that the LPSO phase remained the harder of the phases even as its annealing temperature was increased, but some of the kink deformation introduced into the LPSO phase was recovered, so the deformation appeared to have increased. In other words, the strength of this binary alloy is stabilized by the presence of the LPSO phase finely dispersed within the -Mg phase. Fig. 1(b) ). The -Mg phase grains grew coarse as the annealing temperature rose but this occurred very slowly because the LPSO phase controlled the grain growth. It is striking that the LPSO phase changed from a block-type to a plate-type structure as the annealing temperature increased, as shown in Fig. 5 . This is assumed to be due a conversion to a more stable structure at high temperatures. These figures also show that significant changes occurred in the mechanical properties and microstructure of the extruded Mg 96 Zn 2 Y 2 alloy during annealing at temperatures higher than 623 K.
Microstructure of extruded Mg
TEM images of the LPSO phases are shown in Fig. 6 for various annealing temperatures. The LPSO phase is composed of both a LPSO structure and a 2H-Mg structure. In the extruded specimen annealed at 673 K, the LPSO phase was bent as in the as-extruded case, but boundaries were observed in some regions, suggesting that the LPSO phase recovered at least partially from the kink deformation introduced during extrusion. Past studies of FCC metals have shown that the cell microstructures at the boundary between the deformation band and the deformation matrix act as recovery nuclei during subsequent annealing. 25, 26) Although it is difficult to compare these reports directly with the present study, it is assumed that kinks acted as recovery nuclei in the Mg-Zn-Y alloy and led to the formation of a static structure when edge dislocations 25, 26) accumulated as a result of annealing of the kink deformation that formed within the LPSO phase.
The atomic arrangement near the boundary indicated the presence of a discontinuity in both the LPSO and 2H-Mg structures. It is assumed that Zn and Y, which had been incrassated or segregated at the grain boundary, assisted in the formation of the stabilized LPSO structure and led to the development of a LPSO structure in the 2H-Mg region, as shown Fig. 7 .
In the specimen annealed at 773 K, most of the 2H-Mg structure, which had been present in the LPSO phase, disappeared, as shown in Figs. 6(c) and (f), and the material developed stable LPSO structures. In addition, kink deformation in LPSO phase also disappeared following annealing at 773 K. This is higher than the -Mg phase recovery temperature by about 100 K. In this case, the LPSO phase was not bent but linear.
3.3
Relationship between microstructure and crystal orientation The crystal orientation was analyzed for specimens annealed at temperatures ranging from 623 to 773 K, for which changes in the mechanical properties were observed in Figs. 2 and 3 . The ratios of low and high angle grain boundaries, 22) determined by an EBSD analysis, and the maximum strength along the crystal orientation 23, 24) are shown in Fig. 8 . An inverse pole figure (IPF) map determined by EBSD is shown in Fig. 9 . Differences in orientation between two adjacent grains of 5 to <15
were defined as low angle boundaries, and those of at least 15 as high angle boundaries. 21, 22) Annealing at 573 K or above has been reported to induce a change in the crystal orientation to (10-10). 19) Mackenzie et al. reported that, in their orientation analysis of extruded ZA31, ZC71 and WE43 alloys from the extrusion axis, all the alloys were partly recrystallized during warm extrusion and the non-recrystallized regions had a (10-10) orientation. 5) As shown in Fig. 8 , the ratios of the low and high angle boundaries for the extruded specimen were 44% and 56%, respectively. The maximum intensity along the (10-10) direction was 11.0. The corresponding values for the specimen annealed at 623 K were 30%, 70% and 7.8, respectively. In the specimen annealed at 773 K, the maximum intensity fell to 3.2, and the ratios of the low and high angle boundaries were 15% and 85%, respectively.
Observation of the extruded material along the extrusion axis reveals that the non-recrystallized regions have a (10-10) orientation.
5) The pole figure and IPF map in Figs. 8 and 9 show a strong (10-10) orientation of the extruded material. It can be seen that these match well with the crystal orientations indicated by the IPF map. The IPF map suggests that both the recrystallized and non-recrystallized regions existed in the -Mg phase up to an annealing temperature of 573 K, but at a temperature of 623 K, all of the non-recrystallized region is annealed, reducing the volume of (10-10) oriented material. A crystal direction map is shown in Fig. 9 , which plots the frequency of the (10-10) orientation. A blue gradation scale is used to indicate regions whose (10-10) crystal direction lies within a tolerance angle of 10 . The larger the angle, the lighter the shade of blue, until eventually an angle of 10 is represented by the color white. The results indicate that 40.5% of the crystals had a (10-10) orientation after extrusion and 26% after treatment at 623 K. The volume fractions of regions with the (10-10) orientation in specimens heat-treated at 673 K and 773 K were 11.1 and 10.5%, respectively. Just as the crystals become randomly orientated with increasing annealing temperature, the observed volume of crystals with (10-10) orientations decreased. In other words, increasing the annealing temperature increases both the coarseness of the -Mg phase grains and the disorder of their orientation. The changes in frequency of the high and low angle boundaries shown in Fig. 8 also reveal a trend to high angle boundaries in the -Mg phase at annealing temperatures above 623 K. As shown in Figs. 8 and 9 , it is likely that the specimen annealed at 623 K experienced (1) a rearrangement in the crystal orientation of the -Mg phase compared with that before annealing, (2) static recrystallization and grain growth of the -Mg phase, and (3) transformation of low angle into high angle grain boundaries during static recrystallization. [19] [20] [21] dispersed and improved the mechanical properties of the alloy. 15) On the other hand, Xu et al., who compared forged and annealed ZK60-Y alloys, reported that the formation of microstructures improved the strength but that annealing caused degradation of the mechanical properties because the Mg 3 Zn 3 Y 2 phase became coarse, resulting in the easy development of cracks during tensile deformation. 28) Also in this study, as shown in Figs. 2 and 3 , the average size of the Mg 3 Zn 3 Y 2 phase grew linearly up to 1.7 mm as the annealing temperature was increased, which degraded the mechanical properties. However, the grain size of the -Mg phase was only 10 mm, and the elongation exceeded 20%.
The recovery of the LPSO phase from kink deformation and the recrystallization of the -Mg phase by annealing were investigated. When annealed at 623 K, the -Mg phase achieved static recrystallization, but the LPSO phase only partially recovered from kink deformation. Therefore, the improvement in ductility without large reductions in strength, as in the alloy annealed at 623 K, was probably attributable to the presence of the LPSO phase in the -Mg phase, the partial recovery of the LPSO phase from kink deformation, and the small sizes of -Mg and Mg 3 Zn 3 Y 2 regions, which were only 3 and 0.5 mm, respectively. The alloy has the LPSO phase as a secondary phase. As suggested by Figs. 2, 3, 6 and 9, the recovery and recrystallization temperatures of the -Mg and LPSO phases were probably different. Thus, Mg 96 Zn 2 Y 2 alloy that has the LPSO phase is likely to maintain a high strength even when annealed, while ductility is improved by the process.
Conclusion
The mechanical properties and microstructures of extruded Mg 96 Zn 2 Y 2 specimens annealed at various temperatures for 3.6 ks were investigated. Annealing extruded Mg 96 Zn 2 Y 2 alloy at 623 K for 3.6 ks caused reductions in yield stress and tensile strength of 10 and 20 MPa, respectively, and improved the ductility from 5.4 to 9.6%. Annealing at 773 K caused further reductions in yield stress and tensile strength but improved ductility to 23%. An effective way to improve the ductility of the alloy while maintaining high strength is to recover the secondary LPSO phase from kink deformation, control the grain size of the -Mg phase at about 3 mm, and finely disperse the Mg 3 Zn 3 Y 2 phase.
